The serine protease zymogen factor X is converted to its catalytically active form factor Xa by the binary complex of factor VIIa bound to its cell surface receptor tissue factor (TF) or by the intrinsic Xase complex, which consists of active factors VIII (VIIIa), IX (IXa), factor X, and Ca 2ϩ . Factor Xa has procoagulant activity by conversion of prothrombin to thrombin and also induces signal transduction, either alone or in the ternary TF:VIIa:factor Xa coagulation initiation complex. Factor Xa cleaves and activates protease activated receptor (PAR)1 or -2, but factor Xa signaling efficiency varies among cell types. We show here that annexin 2 acts as a receptor for factor Xa on the surface of human umbilical vein endothelial cells and that annexin 2 facilitates factor Xa activation of PAR-1 but does not enhance coagulant function of factor Xa. Overexpression of TF abolishes annexin 2 dependence on factor Xa signaling and diminishes binding to cell surface annexin 2, whereas selectively abolishing TF promotes the annexin 2/factor Xa interaction. We propose that annexin 2 serves to regulate factor Xa signaling specifically in the absence of cell surface TF and may thus play physiological or pathological roles when factor Xa is generated in a TF-depleted environment. (Circ Res. 2008;102:457-464.)
T he serine protease zymogen factor X is converted to catalytically active protease factor Xa on binding to the binary complex of the cell surface receptor tissue factor (TF) with its protease ligand factor VIIa (VIIa) 1 or by the intrinsic pathway. The transient TF:VIIa:factor Xa ternary complex is the target for physiological inhibitory control by TF pathway inhibitor. 2 On dissociation from TF:VIIa and association with its cofactor factor Va, factor Xa proteolytically converts prothrombin to thrombin, which in turn leads to fibrin formation, fibrin deposition, and thrombus formation (reviewed elsewhere 3 ). The intact form of factor Xa, Xa␣, can be cleaved by autoproteolysis, resulting in the excision of a 4-kDa peptide and the formation of Xa␤. 4, 5 Factor Xa␣ and Xa␤ behave identically as enzymes, 6 although recent work has shown that further cleavage by plasmin results in modifications that eliminate clotting and amidolytic activity. 7 In addition to promoting coagulation, coagulation proteases induce signal transduction through the activation of G protein-coupled protease-activated receptors (PARs). 8 -12 Thrombin signaling has been extensively characterized and occurs via cell type-specific combinations of PAR-1, PAR-3, and PAR-4. [13] [14] [15] [16] TF-dependent coagulation complexes also directly activate PARs. 2, 9, 17 TF:VIIa activates PAR-2 18 and the ternary TF:VIIa:factor Xa complex signals by factor Xa-dependent activation of either PAR-1 or PAR-2. 8, 12, 19 However, factor Xa-dependent signaling independent of the TF initiation complex has also been demonstrated in certain cell types, albeit with lesser efficiency. 2 In this study, we characterize a previously unrecognized cell surface factor Xa receptor function for annexin 2. The annexins are a family of phospholipid-binding membrane proteins that were originally identified as mediators of cellular responses to changes in intracellular Ca 2ϩ levels. 20 Annexin 2 dimerizes with p11 to form a heterotetramer. 21 Annexin 2 binds plasminogen and stimulates its activation by tissue plasminogen activator, 22 with the p11 subunit believed to be responsible for the direct interaction with tissue plasminogen activator, plasmin, and plasminogen. 23 The interaction with p11 is dependent on C-terminal lysine residues, and this interaction is sensitive to inhibition by -amino caproic acid (EACA). 24 We here demonstrate that factor Xa binds to annexin 2 specifically and annexin 2 regulates factor Xa-mediated signal transduction independent of procoagulant activity. Our findings support the conclusion that annexin 2 serves as a previously unrecognized cell surface receptor for factor Xa to enable signal transduction in the absence of cell surface TF. mouse experiments were carried out under approved care and use protocols.
Materials
Factor Xa, Xa␤, Xa-EGR, Gla domainless factor Xa [Xa(-)Gla], factor Va, thrombin, and mouse monoclonal antibody against the heavy chain of factors X and Xa were from Hematologic Technologies (Essex Junction, Vt). Rabbit polyclonal antibody which binds both factors X and Xa (anti-X/Xa) was prepared as previously described. 27 Plasminogen was purified as previously described. 28 Angiostatin was from Calbiochem (San Diego, Calif). Mouse monoclonal antibodies against annexins 1 and 2 and p11 were from BD Biosciences (San Jose, Calif). Glutathione S-transferase-fused recombinant annexin 2, annexin 1, and p11 were from Abnova (Taipei, Taiwan). Fluorescein isothiocyanate and Texas red-conjugated immunoglobulins (IgGs) were from Vector Labs (Burlingame, Calif). Nap5 was from Corvas Inc (San Diego, Calif). EACA and other chemicals were from Sigma (St Louis, Mo), unless otherwise specified. Mouse monoclonal PAR-1 antibodies, WEDI and ATAP-2, and rabbit polyclonal PAR-2 antibody have been described previously. 19, 29 
Mass Spectrometry
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometric experiments were performed as described previously. 30
Cell Culture and Adenoviral Transduction
Human umbilical vein endothelial cells (HUVECs) were from Clonetics (San Diego, Calif) and grown according to the instructions of the supplier. Ad5 serotype vectors expressing full-length human TF have been described previously in detail. 11, 31 HUVECs grown to 50% to 60% confluence were transduced with TF (50 particles per cell) for 3.5 hours and grown for 48 hours.
Cell Surface Binding, Immunoprecipitation, and Western Blotting
Factors X and Xa were incubated with HUVECs for 4 hours at 4°C at increasing concentrations, followed by extensive washing to remove unbound protein and quantitation via Western blotting. HUVECs were grown to confluence in 6-well plates and then incubated with factor Xa (200 nmol/L) alone or in the presence of Nap5 (1 mol/L), hirudin (100 nmol/L), EDTA (1 mmol/L), or EACA (10 to 50 mmol/L) for 4 to 6 hours at 4°C in HBS (25 mmol/L Hepes, 0.9% saline, pH 7.5) supplemented with 5 mmol/L CaCl 2 and 0.02% Tween 20. Cells were then extensively washed and solubilized with 50 mmol/L n-octyl-␤-D-glucopyranoside, followed by incubation with anti-X/Xa coupled to Dynabeads (Invitrogen, Carlsbad, Calif) for 12 to 16 hours at 4°C. Beads were then extensively washed and resuspended in 2ϫ SDS reducing buffer followed by PAGE and Western blotting with anti-X/Xa or monoclonal antibodies against annexins 1 and 2, p11, and IgG as control. Quantification was performed using Scion Image (NIH, Bethesda Md) within the linear range of the detection apparatus. Plasma membrane purification was performed using the Qproteome plasma membrane purification kit (Qiagen, Valencia, Calif). Factor Xa binding and annexin 2 coimmunoprecipitation were also assayed in thioglycollate-elicited peritoneal macrophages isolated from TF flox/flox LysM Cre ϩ and TF flox/flox /LysM Cre Ϫ mice.
Protein/Protein Binding Assay
Glutathione S-transferase-fused recombinant annexin 2, annexin 1, and p11 were coated on to Reacti-Bind glutathione-coated plates (Pierce, Rockford, Ill) according to the protocol of the manufacturer. Increasing concentrations of factor Xa (10 to 400 nmol/L) was incubated on the plates for up to 4 hours at 4°C in HBS supplemented with 5 mmol/L CaCl 2 and 0.02% Tween 20, followed by extensive washing with ice-cold HBS to remove unbound factor Xa. The remaining annexin 2 bound factor Xa was quantitated with the chromogenic substrate Spectrozyme FXa (American Diagnostics, Greenwich, Conn). Absorbance (405 nm) was converted to factor Xa (picomoles bound) using an established standard curve.
Immunofluorescence
For confocal imaging, nonpermeabilized HUVECs, grown to confluence on cover slips, were incubated with factor Xa as described above but in the absence of Tween 20 to prevent permeabilization. Cells were fixed in 10% formalin in HBS for 15 minutes at 4°C, followed by incubation with rabbit anti-X/Xa (10 g/mL) in combination with mouse monoclonal anti-annexin 2 (10 g/mL) for 1 to 2 hours at 4°C. Cells were then washed extensively and incubated with Texas red-conjugated anti-rabbit IgG (1:200) and fluorescein isothiocyanate-conjugated anti-mouse IgG (1:200) for 1 hour at 4°C, followed by extensive washing and mounting in Vectashield with 4Ј,6-diamidino-2-phenylindole (Vector Labs). Cells were visualized by confocal microscopy using a Bio-Rad MRC1024 laser scanning confocal microscope followed by quantification with Image Pro Plus (Media Cybernetics, Silver Spring, Md). Control experiments were performed using secondary antibodies in the absence of primary. TF was detected in transduced cells using the 9C3 monoclonal antibody 32 (5 g/mL) directly conjugated to Texas red.
Extracellular Signal-Regulated Kinase 1/2 Phosphorylation
TF-transduced and nontransduced HUVECs were incubated in serum-free conditions (medium 199 supplemented with 2 mmol/L L-glutamine and 1 mmol/L CaCl 2 ) for 5 hours at 37°C. Cells were then incubated with factor Xa (50 nmol/L) for 5 minutes, followed by lysis in 2ϫ SDS reducing buffer for Western blot analysis using phosphospecific extracellular signal-regulated kinase (ERK)1/2 and non-phospho-ERK1/2 rabbit polyclonal antibodies (Cell Signaling, Danvers, Mass) as described previously. To assay the effect of annexin 2 on factor Xa-induced ERK phosphorylation, anti-annexin 2 (20 g/mL) was preincubated for 15 minutes before the addition of factor Xa. Control experiments were performed with mouse monoclonal antibodies against PAR-1 (50 g/mL WEDI and 25 g/mL ATAP-2) and rabbit polyclonal antibody against PAR-2 (200 g/ mL). All experiments were performed in the presence of hirudin to exclude thrombin effects.
Thrombin Generation Assay
HUVECs grown to confluence in 12-well polystyrene plates were preincubated with anti-annexin 2 (20 g/mL) for 15 minutes, followed by addition of factor Xa or Xa␤ (50 pmol/L), factor Va (400 pmol/L), prothrombin (1.3 mol/L) for 10 minutes at 37°C, followed by addition of S-2238 Chromogenix thrombin substrate from Diapharma (West Chester, Ohio), followed by kinetic assay at 405 nm. Absorbance was converted to units per milliliter thrombin using an established standard curve.
Cell-Based Factor Xa Generation Assay
Cells grown to confluence in 12-well polystyrene plates were incubated in the presence of 20 g/mL anti-annexin 2 or antiannexin 1 for up to 4 hours at 37°C. Cells were then washed twice with Hepes (10 mmol/L) buffered saline supplemented with 5 mmol/L CaCl 2 . Factors VIIa (10 nmol/L) and X (50 nmol/L) were then added. Reactions were stopped at selected time points by adding 100 mmol/L EDTA to the sample and the activity of the generated factor Xa in the medium was quantitated with the chromogenic substrate Spectrozyme FXa. Absorbance (405 nm) was converted to factor Xa generated (picomoles per minute) using an established standard curve.
Single-Stage Clotting Assay
Peritoneal macrophages were isolated from thioglycollate injected wild-type and annexin 2 knockout mice and allowed to adhere in 6-well polystyrene plates for 3 hours (37°C). Nonadherent cells were removed by extensive washing and the remaining, adherent macrophages incubated overnight at 37°C. Untreated and lipopolysaccharide-treated (1 g/mL, 4 hours, 37°C) cells were washed with HBS and left intact or solubilized in 15 mmol/L n-octyl-␤-Dglucopyranoside. Time to clot was measured using a START4 Coagulation Analyzer (Diagnostica Stago, Parsippany, NJ).
Data Analysis
All data are representative of a minimum of 4 experiments performed in triplicate and are shown as meansϮSD.
Results

Factor Xa Binds to Endothelial Cells and Coprecipitates With Annexin 2
Factors X and Xa were incubated with HUVECs at 4°C to determine whether there was a unique cell surface receptor responsible for the observed binding of factor Xa. Factor Xa bound to HUVECs, whereas factor X binding was negligible ( Figure 1A) . To identify the putative receptor for factor Xa, factor Xa bound to HUVECs was immunoprecipitated using an anti-X/Xa antibody, followed by nonreducing SDS-PAGE, resulting in multiple bands that were excised and subjected to MALDI-TOF mass spectroscopy. Peptides corresponding to both factor Xa and immunoglobulin heavy and light chains were identified in addition to a peptide that represented annexin 2 ( Figure 1B ). Annexin 2 coprecipitation was confirmed by Western blotting ( Figure 1C ). Factor Xa immunoprecipitated from endothelial cells was primarily Xa␤ ( Figure  1C ), but the ratio of Xa␣ to Xa␤ ranged from Ϸ1:1 to 1:2 in the unbound fraction, and there was no conversion of un-bound factor X to factor Xa ( Figure 1C ). Active site blocked factor Xa with Glu-Gly-Arg (EGR)-chloromethyl ketone exhibited reduced binding relative to active factor Xa, possibly attributable to incomplete processing to the annexin 2-binding species (note the somewhat slower mobility of the EGR-Xa␤ form). Factor Xa-bound HUVECs were also subjected to plasma membrane purification, followed by immunoprecipitation which confirmed the cell surface binding of factor Xa to annexin 2 ( Figure 1C ).
Annexin 2 Is a Factor Xa Receptor on the Endothelial Cell Surface
To determine whether coimmunoprecipitation of annexin 2 with factor Xa was specific, we demonstrated that only annexin 2, but not annexin 1 or p11, which are similarly expressed by HUVECs (note the nonprecipitated supernatant in Figure 2A ), was detectable in factor Xa immunoprecipitates (Figure 2A ). In addition, the small amount of factor X that typically bound the HUVEC surface, probably through direct binding to phospholipids, did not coprecipitate with annexin 2 (Figure 2A ). Pretreatment of cells with antiannexin 2 diminished immunoprecipitation of factor Xa from cell lysates, indicating inhibition of binding of factor Xa and Xa␤ to cells. Annexin 2 in the anti-factor Xa immunoprecipitation was concordantly reduced ( Figure 2B ). To determine whether coimmunoprecipitation of annexin 2 followed Factor Xa binding to HUVECs, spectroscopic analysis, and confirmation of factor Xa binding to annexin 2. A, Increasing concentrations of factor X and Xa were bound to HUVECs followed by quantitation of bound protein by Western blotting. B, Tryptic peptide mixture of Ϸ46-kDa protein band as analyzed by MALDI mass spectrometer with bands corresponding to factor Xa and annexin 2 highlighted. C, Left, Western blotting with antibodies against annexin 2 (A2) (top gels), factor X/Xa (middle gels), and IgG control (bottom gels) of HUVECs immunoprecipitated with: anti-X/Xa alone, in the presence of factor Xa, and in the presence of catalytically inactive factor Xa-EGR. Middle, Western blotting with antibodies against A2, factor X/Xa and IgG control of plasma membrane purified HUVECs immunoprecipitated with anti-X/Xa alone or in the presence of factor Xa. Right, Unbound factors X and Xa.
the saturation curve of factor Xa binding to HUVECs, increasing concentrations of factor Xa were incubated with HUVECs, washed, and analyzed by immunoprecipitation and quantitation using Western blotting. Figure 2C shows that at 200 nmol/L factor Xa coimmunoprecipitation of annexin 2 was maximal and half saturation was at Ϸ50 nmol/L, analogous to what was observed for factor Xa binding. Direct binding of factor Xa to recombinant annexin 2 coated onto 96-well plates produced analogous results ( Figure 2C ). No factor Xa binding was observed on plates coated with recombinant Annexin 1 or p11.
Immunofluorescence staining of HUVECs demonstrates colocalization of factor Xa with annexin 2 on the cell surface ( Figure 2D) . Control experiments demonstrated that secondary antibodies alone do not bind the cell surface or colocalize with one another ( Figure 2D ). Preincubation of cells with anti-annexin 2 eliminates factor Xa colocalization with annexin 2 (Figure 2E ). Quantitation of the colocalization between annexin 2 and factor Xa indicates that Ͼ90% of the factor Xa detected on the endothelial cell surface colocalizes with annexin 2. However, Ͻ15% of total cell surface annexin 2 colocalizes with factor Xa, indicating that the majority of cell surface annexin 2 is available for interaction with other known ligands and is not limited to interaction with factor Xa.
Annexin 2 Binding of Factor Xa Is Dependent on the Gla Domain but Independent of Lysine Residues
Experiments with active site blocked factor Xa indicated that processing to a specific Xa␤ form is necessary for binding to annexin 2. Blocking factor Xa autoproteolysis with nematode anticoagulant peptide Nap5 33 also blocked factor Xa binding and annexin 2 coimmunoprecipitation ( Figure 3A ). Thrombin has been demonstrated to upregulate cell surface expression of annexin 2. Thrombin inhibition by hirudin did not reduce factor Xa binding to annexin 2 ( Figure 3A) , excluding that factor Xa activity indirectly through thrombin upregulates annexin 2 expression or contributes to the processing of factor Xa to Xa␤. The binding of factor Xa to annexin 2 is calcium-dependent because EDTA abolishes the interaction ( Figure 3A) . Factors X and Xa are among several proteins that contain carbohydrate-rich Gla domains that are capable of mediating protein-protein interactions. 34 Binding studies performed in the presence of 20-fold molar excess of several Gla proteins (factor X, factor IX, and prothrombin) did not compete with factor Xa cell surface binding and annexin 2 coimmunoprecipitation ( Figure 3A) . Gla domain-deleted factor Xa showed significantly reduced binding relative to factor Xa ( Figure 3B ). Furthermore, adding homogenous Xa␤ resulted in binding comparable to factor Xa, further confirming that Xa␤ is the relevant binding partner for annexin 2 ( Figure 3B ). Because carboxyl-terminal proteolysis may produce carboxyl-terminal lysine residues, we tested whether factor Xa binding to annexin 2 is sensitive to EACA ( Figure 3C ). No reduction in coprecipitation was observed, demonstrating that factor Xa binding to annexin 2 is lysine-independent and probably does not involve p11. In addition, plasminogen and angiostatin, ligands that have been demonstrated to bind the annexin 2/p11 heterotetramer via lysine residues, do not compete with factor Xa binding to annexin 2 ( Figure 3A ).
Annexin 2 Regulates Factor Xa-Dependent Signal Transduction but Not Factor Xa Procoagulant Function
To test whether annexin 2 is selectively important for factor Xa coagulation or signaling events, factor Xa-dependent prothrombin generation was analyzed in the presence and Figure 2 . Xa binding to annexin 2 is specific. A, Immunoprecipitation of factors X or Xa bound to HUVECs, followed by Western blotting with anti-annexin 2 (A2), anti-annexin 1 (A1), anti-p11, anti-X/Xa, and IgG control. Nonimmunoprecipitated supernatant was used as an additional control. B, Western blotting with antibodies against annexin 2 (top), factor X/Xa (middle), and IgG control (bottom) of HUVECs immunoprecipitated with: anti-X/Xa alone, in the presence of factor Xa, in the presence of factor Xa and anti-annexin 2, in the presence of Xa␤, and in the presence of Xa␤ and anti-annexin 2. C, Quantitation of factor Xa/annexin 2 coprecipitation (black) and factor Xa directly bound to plates coated with recombinant annexin 2 (gray). D, Immunofluorescence staining of factor Xa bound to HUVECs, followed by staining with the following antibodies: anti-annexin 2 and anti-X/Xa; images represent annexin 2 (left), factor Xa (middle), and merge (right). E, Cells preblocked with anti-annexin 2 followed by staining against annexin 2 (left) and factor Xa (middle) demonstrates no colocalization (right).
absence of anti-annexin 2 antibody. No effect on thrombin generation was observed ( Figure 4A ). As expected, TFdependent factor Xa generation was also not influenced by anti-annexin 2 antibody ( Figure 4B ), and no difference in procoagulant function was detected between macrophages isolated from wild-type and annexin 2 Ϫ/Ϫ mice ( Figure 4C ). Cells lysed with n-octyl-␤-D-glucopyranoside yielded similar results to the intact cells (data not shown).
It has been shown previously that factor Xa-induced ERK1/2 phosphorylation is mediated by activation of the protease-activated receptors PAR1 or PAR2. Factor Xa-and Xa␤-induced ERK1/2 phosphorylation was dependent on PAR1 and not blocked by an anti-PAR2 antibody that efficiently inhibits TF:VIIa-mediated PAR2 cleavage ( Figure  5A and 5B) . 19, 29, 35 Factor Xa signaling was also inhibited by pretreatment of cells with annexin 2 antibody ( Figure 5C ). Factor Xa can also induce ERK1/2 phosphorylation as part of the TF:VIIa:factor Xa ternary complex. However, overexpression of TF, but not mock transduction with control adenovirus, abrogates annexin 2 dependence on factor Xa signaling ( Figure 5C ), indicating that annexin 2-mediated regulation of factor Xa signaling does not extend to the ternary complex.
To determine whether the in vitro regulation of the annexin 2/factor Xa interaction by TF ( Figure 4B ) is replicated in primary mouse cells, we isolated macrophages from thioglycollate-injected TF flox/flox LysM Cre ϩ in which TF procoagulant activity is reduced by 93% in macrophages (data not shown) and TF flox/flox /LysM Cre Ϫ mice, which have normal levels of TF. 26 We observe that the factor Xa/annexin 2 interaction is greatly enhanced in macrophages when TF levels are reduced ( Figure 5D ). In TF-transduced HUVECs, the typical colocalization of factor Xa with annexin 2 disappears without reduction in annexin 2 cell surface expression Factor Xa binds to annexin 2 on autolytic cleavage and exposure of C-terminal lysine residues on Xa␤. A, Immunoprecipitation and quantitation of factor Xa binding to annexin 2 on HUVECs in the presence of Nap5, the thrombin inhibitor hirudin, EDTA, and 20-fold molar excess of the Gla-binding proteins factor X, factor IX, and prothrombin, and 20-fold molar excess of plasminogen (Plg) and angiostatin (Ang). B, Immunoprecipitation of factor Xa, Xa␤, and factor Xa(-)Gla bound to cells, followed by Western blotting with anti-annexin 2, anti-X/ Xa, and IgG control. C, Immunoprecipitation of factor Xa bound to HUVECs in the presence of EACA, followed by Western blotting with anti-annexin 2, anti-X/Xa, and IgG control. Figure 4 . Annexin 2 has no effect on coagulant function of factor Xa. A, Thrombin generation was performed on HUVECs alone (black) and in the presence of anti-annexin 2 (gray). B, HUVECs were assayed for TF-dependent factor Xa generation/ substrate activity in the presence of anti-annexin 2 and antiannexin 1. C, Thioglycollate elicited macrophages were isolated from wild-type (nϭ3) and annexin 2 Ϫ/Ϫ (nϭ3) mice and assayed for TF procoagulant activity using the 1-stage plasma clotting assay. Untreated (black) and lipopolysaccharide-treated cells (gray) were measured.
( Figure 5E ). TF did not colocalize with annexin 2 ( Figure  5F ). These data support the conclusion that annexin 2 plays a selective and specific role in supporting TF-independent factor Xa signaling without affecting cell surface coagulant properties.
Discussion
Using a combination of biochemical and proteomic analysis, we find that the coagulation protease factor Xa binds to annexin 2 on the endothelial cell surface. Annexin 2 interaction is required for signal transduction (Figure 5 ), whereas the procoagulant function of factor Xa is independently regulated (Figure 4 ). Only the Xa␤ form of factor Xa binds to annexin 2, and this binding occurs independently of C-terminal lysine residues ( Figure 3A and 3C ). It appears that autoproteolysis is important for binding, because the factor Xa-specific inhibitor Nap5 or inactivation with a chloromethyl-ketone inhibitor reduced annexin 2 binding ( Figure 1D and 3A) . The interaction of factor Xa with annexin 2 is also specific, because annexin 1 does not bind factor Xa and factor X does not bind annexin 2 ( Figure 1D ). Annexin 2 has previously been found to function as a receptor for the fibrinolytic zymogen plasminogen (Plg). 22 Recent studies also indicate that the anti-angiogenic factor angiostatin may bind annexin 2. 36 Neither Plg nor angiostatin competes for factor Xa binding to annexin 2 ( Figure 3A) , and EACA does not inhibit annexin 2/factor Xa coprecipitation ( Figure 3C) , indicating that the factor Xa/annexin 2 interaction is distinct from that of other annexin 2 ligands. Interestingly, previous work has shown that autoproteolysis or plasmin-mediated cleavage of Xa␣ to Xa␤ exposes a Plg binding site and inhibits coagulation. 7 This result, in combination with our studies here, indicates a possible regulatory mechanism in which Xa␤ is the primary regulator of signal transduction when TF is not present.
In the presence of TF, factor Xa mediates signal transduction through the activation of PAR-1 and PAR-2. 12, 19 In the absence of TF, annexin 2 mediates factor Xa signaling ( Figure 5A ) predominantly through PAR-1. Interestingly, in the presence of TF, the overall level of factor Xa signaling does not change. However, the annexin 2-dependent components of factor Xa signaling are completely abolished. The coagulation-independent, signaling-specific regulation of factor Xa by annexin 2 that we observe in vitro is also replicated in primary mouse cells ( Figure 4C and 5D ). Whether this TF effect is attributable to the regulation of factor Xa autoproteolysis or by influencing factor Xa-Gla domain interactions with annexin 2, perhaps in some combination of PAR-1 and PAR-2, remains to be fully elucidated.
Recent in vitro and in vivo studies have demonstrated the importance of annexin 2 in the regulation of fibrinolysis and neoangiogenesis. Higher annexin 2 expression was observed in cells from acute promyelocytic leukemia patients when compared with other leukemic cells. This resulted in increased tissue plasminogen activator-dependent plasmin generation and may account for the increased hemorrhagic complications associated with acute promyelocytic leukemia. 37 Recombinant annexin 2 restored plasmin generation in HUVECs impaired by plasminogen activator inhibitor-1 or homocysteine, and injection of annexin 2 enhanced the patency of thrombosed arteries in a rat carotid artery thrombosis model. 38 Increased annexin 2 on the surface of aortic endothelial cells is associated with increased plasmin activity in diabetic rat aortas. 39 In vivo studies have demonstrated that annexin 2-knockout mice displayed enhanced fibrin deposition in the microvasculature and improper clearance of thrombi as well as inefficient tissue plasminogen activator-dependent plasmin generation. 25 In 3 different angiogenesis models, fibroblast growth factor-stimulated cornea, oxygen-primed neonatal retina, and aortic ring explants, annexin 2-null mice demon- Figure 5 . Annexin 2 regulates factor Xa-mediated ERK1/2 phosphorylation through PAR1. A, Representative Western blots of factor Xa and Xa␤ induced ERK1/2 phosphorylation in the presence of antibodies against PAR1 and PAR2. B, Densitometric quantification of inhibition of factor Xa (black) and Xa␤ (gray) induced ERK1/2 phosphorylation by antibodies against PAR1 and PAR2. C, Mock-transduced (left) and TF-transduced (right) cells were left untreated or were treated with factor Xa alone or factor Xa in the presence of anti-annexin 2, followed by Western blotting using antibodies against phospho-ERK1/2 and ERK1/2. D, Mice were injected with thioglycollate 3 days before peritoneal lavage and macrophage harvest. Factor Xa/annexin 2 coprecipitation was performed as described above, followed by Western blotting with anti-annexin 2, anti-factor X/Xa, and IgG control. Cells were isolated from TF flox/flox LysM Cre Ϫ (TF ϩ ) (left gels; nϭ3) and TF flox/flox LysM Cre ϩ (TF Ϫ ) (right gels; nϭ3) control mice. E, Immunofluorescence of mock-transduced and TF-transduced HUVECs with antibodies against factor Xa and annexin 2. F, TF-transduced HUVECs stained with anti-annexin 2 and anti-TF; images represent annexin 2 (left), TF (middle), and merge (right). strated significantly reduced neovascularization and capillary sprouting, respectively. 25 The decrease in aortic ring sprouting was attributable to impaired matrix metalloproteinase (MMP)-9 and MMP-13 activation. 25 Factor Xa has also been shown to play a role in the activation of MMPs, including conversion of pro-MMP-2 to MMP-2 in vascular smooth muscle cells 40 and promotion of MMP-1 release in gingival fibroblasts. 41 Although only a small amount of factor Xa is necessary to initiate coagulation, 42, 43 studies have shown that higher levels of factor Xa can be generated under certain pathologic circumstances, 44, 45 in addition to the physiologic conversion of factor X to factor Xa that occurs under TF-independent circumstances via the intrinsic pathway. These observations indicate a potential physiological relevance for the results we observe in vitro regarding factor Xa binding to annexin 2 in the absence of TF. Previous work indicates that annexin 2 plays a predominant role in cell invasion, fibrin homeostasis, and fibrin degradation, but not in blood coagulation. 25, 37 The coagulation-independent regulation of factor Xa signaling that we demonstrate for annexin 2 is consistent with these observations. IL-6, IL-8, and MCP-1 expression have been shown to be increased by factor Xa in HUVECs, 46 and PAR-1 has been demonstrated to upregulate cyclooxygenase-2 in HUVECs. 47 To determine the role of annexin 2 in regulating these downstream signaling functions, we will further characterize factor Xa signaling in TF expressing and nonexpressing cells isolated from annexin 2 knockout mice.
Factor Xa-mediated signal transduction via PAR-1 and PAR-2 has been shown to be cell type-dependent using endothelial cells and fibroblasts from PAR-1 and PAR-2 knockout mice. 12 PAR-2 was demonstrated to be the primary mediator of factor Xa-induced phosphoinositide hydrolysis and ERK1/2 phosphorylation in the murine endothelial cells, whereas in murine fibroblasts the majority of signaling was regulated by PAR-1. 12 PAR-2 activation has also been shown to play a role in P-selectin-dependent leukocyte rolling resulting in microvascular inflammation. 48 Whether the interaction of factor Xa and annexin 2 is relevant to some of the aforementioned hemostatic, angiogenic, and inflammatory functions remains to be elucidated. Future mechanistic studies are required to determine the differences in factor Xa signaling via PAR-1 and PAR-2 and how annexin 2 binding affects these processes. In conclusion, our work proposes a novel role for annexin 2 as an endothelial cell surface receptor for factor Xa that regulates factor Xa-mediated signal transduction via PAR-1 in a coagulation-independent manner.
